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Silicon-germanium HBTs
for 40 Gb/s andbeyond...
Frgure 1. Bandgap diagram
(top} showing reduction of
conduction band resulting
from graded doping of ger-
manium (bottom) across the
base region of the 5ISiGe
HBT (In green) in comparison
to a conventional silicon-only
bipolarJunction transistor
(BJ7;  m blue). The grading of
the germanium in the active
layer also creates a “drift
field’: further accelerating
electrons across the base
Until the commercialization of gallium arsenide
and other III-V compound semiconductors, the
silicon bipolar transistor had been the mainstay of
high-performance semiconductor products for
decades. But over the past 10 years the higher per-
formance requirements for the emerging wireless
industry began to out-run the speed limitations of
these silicon-only devices, resulting in the emer-
gence of a commercially viable GaAs industry
However, in the late 1980s - primarily through
R&D activities at IBM’s Watson Research Center
inyorktown  Heights, NY, USA - scientists and
engineers began to focus on a new class of
silicon devices.The  goal of this work, the Si/SiGe
heterojunction bipolar transistor (HBT),  mimicked
the bandgap-engineered attributes of compound
semiconductors in a silicon device. Since then,
the addition of germanium to silicon-only tech-
nology to form a SiGe  layer and heterojuction
band structure has created a revolution in the
semiconductor industry.
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The ability to produce these Si/SiGe  devices (ri-
valling the performance of commercial compound
semiconductors) in a standard CMOS silicon fab
allows the production of high-speed designs
under more economically advantageous circum-
stances. Using the existing CMOS infrastructure,
this SiGe  technology can be fabricated on 200 mm
(8”) silicon substrates, with very low defect densi-
ties, at an economy of scale made possible only
due to the large CMOS manufacturing volumes.
Production of SiGe wafers in the CMOS environ-
ment enables use of tools and process maturity
driven by low-cost CMOS requirements, as well as
the ability to integrate the SiGe HBT with a stan-
dard ASK (application specific integrated circuit>
compatible CMOS technology, for production of
BiCMOS with unprecedented levels of integration.
This paves the way for high-performance analogue
and RF circuits with dense CMOS logic and the
production of a wide range of new products for
wireless and wired communications.
The Si/SiGe HBT
The metamorphosis from a silicon homojunction
transistor to a silicon/germanium heterojunction
bipoIar transistor (HBT) is made by growing an
epitaxial layer of germanium-doped silicon on
the silicon substrate.This  results in a bandgap
reduction, giving rise to a dramatic performance
improvement - in effect implementing a physics-
related operational boost previously restricted to
compound semiconductors (see Figure 1).
While process integration issues were many, this
move would make it possible to challenge the
dominance of III-V semiconductor performance,
simultaneously maintaining the advantages of
silicon materials.
Basic physics tells us that the atomic size differ-
ence between the two species Si and Ge neces-
sarily results in a lattice mismatch with silicon
which must be dealt with in integrating this layer.
This in turn creates strain in the SiGe layer (base)
above the silicon substrate (collector and below).
While a certain level of strain is required for
bandgap  reduction (a driving force behind the
HBT performance improvement), the strain must
be kept at a low-enough level to avoid generation
of lattice defects.This  limitation has been exten-
sively studied and is represented by the Matthews
and Blakeslee curves [ 11 relating film thickness
and strain for a Si/SiGe  system (see Figure 2).
The second (and equally important) consequence
of this grown Si/Ge epitaxial layer is to allow
growth of the boron-doped base region of the
NPN transistor within the film, replacing the ion-
implanted base used in conventional bipolar junc-
tion transistors (BJTs).This  results in narrow base
widths and frees the device designer from the
confines of Gaussian profiles, implant channelling,
and damage effects.The  net effect is a dramatic
performance boost to the silicon device [2].
SiGe BiCMOS market-place
Some of the early pay-off in using the Si/SiGe  HBT
was its ability to perform at very high speeds:
e.g. 65 GHz  maximum oscillation frequency
(f,,,) in IBM’s earliest production technology
(BiCMOS 5HP). Since device switching at these
speeds is not necessary for the bulk of wireless
circuits operating at frequencies from 900 MHz
to 2.4 GHt, the usefulness of the SiGe HBT
comes at being able to trade this excess speed
for improvement in other device figures of merit,
most notably operation at lower power levels
(see Figure 3).
The Si/SiGe  HBT has also demonstrated the ability
to provide excellent high-performance character-
istics with very low noise, at high power gain, and
with excellent linearity - all allowing designers
wide latitude in solving challenges for specific
circuit requirements. Additionally, due to SiGe’s
proven ability to achieve power added effcien-
ties reaching 70% [3], the use of SiGe  HBTs for
power amplification is a very rich area of design
activity.
Due to SiGe’s
proven ability
to achieve power
added efficiencies
reaching 70% . . .
the use of SiGe
HBTs  for power
amplification is a
very rich area of
design activity.
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hggure 2. Theoreetical  (solid)
and expenmental (dotted)
curves relating misfit strain
and SilGe layer thickness,
showing regions of unstable
5iGe films and region of
unconditionally stab/e films.
SiGe BiCMOS
chips have been
fabricated with
as many as
80,000 HBTs
at yields
much higher
than possible
with Ill/V
technologies.
reduced power consumption.
F;gure 3. The BiCMOS 7HP
SiGe can run at maximum
oscillation frequencies up to
120 GHz,  a value not used in
a substantial number of high-
performance applications. By
reducing operating currents,
howeves one can trade
excess soeed for substantial/v
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Another essential for analogue circuitry is high-
quality passive elements. IBM’s SiGe technology
has developed and integrated excellent passives,
including high-Q inductors [4] and high-value
MIM (metal-insulator-metal) capacitors [S].The
performance margin achieved from this combina-
tion of active and passive devices has given SiGe
technology the leverage required to meet the
stringent specifications for circuits designed for
use in a wide range of wireless protocols: PCS
(digital), PDC (Japan), GSM (European standard)
and CDMA (Code Division Multiple Access).
of very large digital designs, compatibility with
Perhaps the biggest use for SiGe in the market-
place is its capability for integration with CMOS,
providing unsurpassed value as a BiCMOS tech-
nology. For effective combination of the high-per-
formance attributes of the HBT in analogue func-
tion and the advantage that CMOS holds in design
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ASK design methodologies is crucial.This com-
patibility has been demonstrated [6] and is an ess-
ential element of all IBM BiCMOS technologies.
SiGe BiCMOS chips have been fabricated with as
many as 80,000 HBTs at yields much higher than
possible with III/V technologiesThese  dense
analogue designs may be combined with very
high levels of CMOS gates, resulting in true sys-
tem-on-a-chip levels of integration and with
yields and associated chip costs which make pro-
duction feasible.Additionally, the ability to elimi-
nate large numbers of off-chip drivers and pas-
sive components also results in substantial power
savings and a reduction of packaging costs.
SiGe BiCMOS design
The use of SiGe BiCMOS across the semiconduc-
tor market-place is largely due to the flexibility
that SiGe BiCMOS brings to a given designer’s
product requirements.There  are basically three
ways to use SiGe BiCMOS:
At the device level, simply exploit t$e raw
speed of the intrinsic SiGe HBT to design at
frequencies unattainable by other silicon tech-
nologies, e.g. >5GHz;
At the circuit level, trade off excess gain-band-
width of SiGe to achieve whatever figure of
merit is of interest for a given application:
low power, high linearity, low noise, high
dynamic range;
At the system level, exploit the rich feature set
of SiGe BiCMOS to re-architect systems from
the top down.
This design flexibility is manifest in the wide
range of applications that use SiGe BiCMOS. SiGe
l 75% faster than
IBM’s current
120GHz generation
l 21% faster at 1 mA
compared to best
reported InP HBT
results
Pictured IBM’s new 2 10 GHz
SrGe technology is 75% faster
than Its current 120 GHz
gerneration and 2 1% faster at
1 mA than the best reported
/nP HBT results.
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has found an obvious home in microelectronic
RF/analogue  products, with uses in low-noise
amplifiers, voltage-controlled oscillators, mixers
and transceivers. High-performance analogue
designs include analogue-to-digital converters,
digital-to-analogue converters, frequency synthe-
sizers, IF filters and GPS receivers. Other product
design activities focus on SiGe power amplifiers,
SiGe BiCMOS is currently being used for storage
applications including high-speed PRML read
channels using IBM’s 0.25 pm BiCMOS (see
Figure 4) designed for use in hard drives.
In addition, the same process techniques that
allow SiGe BiCMOS to be adapted for use in
power amplifiers is being used to design state-of-
the-art magneto-resistive pre-amplifiers for use in
hard drives.Through its flexibility in the wireless
design space, SiGe BiCMOS has been able to match
worldwide specifications for current cellular
protocols and new standards for 3G cell phones,
wideband CDMA (W-CDMA),  home wireless IEEE
802.11 and Bluetooth. SiGe also promises to be a
major factor in emerging standards for new
communications technologies.
With the rapid expansion of the Internet and
local- and wide-area networking, applications
for data transport are in the forefront of the
information system attention. SiGe  has demon-
strated that it is the cost/performance leader for
10 Gb/s  SONET (OCl92)  data rates at lower
power and has established its ability to achieve
standards for the 40 Gb/s market with IBM’s
latest production technology, SiGe  7HP (which
features a 120 GHz  HBT).  SiGe  performance
specifications have so far been able to match if
not exceed demonstrations of production
technologies proposed in other III/V materials
such as InP with demonstrations announced by
IBM in June of fr as high as 210 GHz  (see panel).
A sophisticated design support system is
required to take advantage of the speed, perform-
ance, and integration capabilities of the SiGe
BiCMOS technology. IBMs SiGe technology
includes design “kits” to enable the use of
Cadence Analog Artist and Agilent Advanced
Design System (ADS) tools for RF/analogue
design.Third-party and internal digital libraries
have been developed, and a variety of associated
digital tools are either reIeased,  in development
or undergoing verification, offering a host of
features to facilitate designsThis  increases the
accuracy of design simulations resulting in a
reduction of design passes required in order to
speed new chips into production.
Conclusion
The expanding communications market, with its
many rapidly changing chip and protocol re-
quirements, demands a robust design system that
can handle widely varying mixed-signal designs,
present a user-friendly design environment and
allow for mixed-signal circuit block reuse across
designs. IBM’s SiGe BiCMOS technology and
design environment meet these requirements.
Multiple generations of high-performance, scalable
SiGe technology optimized for high-frequency
(2-40 GHz) communication applications are at
the heart of current offerings. Because analogue
circuits scale only slightly with increasing litho-
graphic resolution, IBM has advanced the tech-
nology by simplifying the process, and adding
and improving devices in a lower-cost technology
framework.
Many companies have used IBM’s Blue Logic
design methodology and SiGe BiCMOS technolo-
gies to design hundreds of complex, mixed-signal
custom chips to operate at 2-40 GHz  frequencies.
All of these products are evidence of IBM’s suc-
cessful implementation of an IC design system.
Figure 4. A high-speed PRML
Read Channel chip designed
in IBM’s 0.25 ,um BiCMOS 6HP
techno/ogL: offering world
class performance for IBM
Storage System Division.
The 120 GHz SiGe  technology shows great promise
for addressing the 40 Gb/s (and higher) and low-
power 10 Gb/s application space. In addition,
performance at 210 GHz  has been demonstrated
for even faster data transport efficiency, assuring
higher data rates using SiGe technologies in the
future. IBM’s SiGe technologies have now been in
production for five years, and have demonstrated
unqualified success in the semiconductor indus-
try, as evidenced by the many companies that
have become foundry users.
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IBM’s 210 GHz
HBT gives an
80 % perform-
ance improve-
ment and Q 50%
reduction in
power consump-
tion over current
designs in its
fT =120 GHz 7HP
SiGe process,
extending the
application of
SiGe from 40
Gb/s to markets
‘Up to loo Gb/s’.
